Signal transducer and activator of transcription-3 (STAT3) is constitutively activated in a variety of cancer types, including malignant gliomas. STAT3 is activated by phosphorylation of a tyrosine residue, after which it dimerizes and translocates into the nucleus. There it regulates the expression of several genes responsible for proliferation and survival at the transcriptional level. A selective inhibitor of STAT3 phosphorylation, AG490, has been shown to inhibit growth and induce apoptosis in some cancer cell types. However, although AG490 routinely shows in vitro anticancer activity, it has not consistently demonstrated an in vivo anticancer effect in animal models. Here, we have tested WP1066, a novel inhibitor structurally related to AG490 but significantly more potent and active, against human malignant glioma U87-MG and U373-MG cells in vitro and in vivo. IC 50 values for WP1066 were 5.6 lM in U87-MG cells and 3.7 lM in U373-MG cells, which represents 18-fold and eightfold increases in potency, respectively, over that of AG490. WP1066 activated Bax, suppressed the expression of c-myc, Bcl-X L and Mcl-1, and induced apoptosis. Systemic intraperitoneal administration of WP1066 in mice significantly (Po0.001) inhibited the growth of subcutaneous malignant glioma xenografts during the 30-day follow-up period. Immunohistochemical analysis of the excised tumors revealed that phosphorylated STAT3 levels in the WP1066 treatment group remained inhibited at 3 weeks after the final WP1066 injection, whereas tumors from the control group expressed high levels of phosphorylated STAT3. We conclude that WP1066 holds promise as a therapeutic agent against malignant gliomas.
Introduction
Signal transducer and activator of transcription (STAT) proteins are a family of latent transcription factors that also transduce extracellular signals, such as cytokines and growth factors (Darnell, 1997; Ihle, 2001 ; Levy and Darnell, 2002) . These extracellular signals activate Janus kinases (JAKs) and receptor tyrosine kinases, such as epidermal growth factor receptor (EGFR) and plateletderived growth factor receptor (PDGFR), and these kinases, in turn, activate STATs by phosphorylating a tyrosine residue located in the transactivation domain. Activated STATs then dimerize, translocate to the nucleus and regulate gene transcription. Under normal conditions and during development, the activation of STATs is transient and upregulation of gene transcription is strictly regulated. However, emerging evidence supports the idea that some STATs play an important role in oncogenesis: STAT3, in particular, is often activated in leukemia, lymphoma, and breast, lung, and prostate cancer (Bowman et al., 2000; Bromberg, 2001 Bromberg, , 2002 . Furthermore, it was shown that dominantnegative STAT3 mutants block oncogenic transformation, whereas constitutively activated STAT3 mutants can induce it (Bromberg et al., 1999) . These findings suggest that STAT3 is a promising target for anticancer therapy. Supporting that idea is the evidence showing that when STAT3 is inhibited in various cancer cell types, the expression of its target genes (such as Bcl-X L , c-myc and cyclin D1) is downregulated and cancer cells undergo apoptosis (Bromberg et al., 1999; Kiuchi et al., 1999; Epling-Burnette et al., 2001) .
Malignant gliomas are the most common primary malignancies in the brain, and the average survival time of patients with the most malignant type, glioblastoma multiforme, is about 1 year from diagnosis, despite a combination of surgery, radiotherapy and chemotherapy (Ohgaki et al., 2004; Reardon et al., 2006) . In cell culture, malignant glioma cells were shown to be very resistant to apoptosis induced by various anticancer therapies (Bogler and Weller, 2002) . One of the main molecular signatures of malignant glioma is dysregulation of the EGFR pathway manifesting as amplification and mutation of EGFR and mutation of phosphatase and tensin homologue deleted on chromosome ten (PTEN) (Kapoor and O'Rourke, 2003; Kondo et al., 2004) . Another line of evidence has shown that interleukin 6 (IL-6) expression or STAT3 activation is often detected in malignant glioma tissues, whereas neither feature is detected in normal brain tissue (Van Meir et al., 1990; Lichtor and Libermann, 1994; Rahaman et al., 2002; Schaefer et al., 2002; Weissenberger et al., 2004) . Taken together, these findings suggest that STAT3 is activated through EGFR dysregulation and the aberrant expression of IL-6 in malignant glioma cells and that the inhibition of STAT3 may be a new tumor-selective strategy for malignant glioma.
Kinase inhibitors offer one possible means of inhibiting STAT3. One such inhibitor, AG490, was originally selected from a group of tyrphostins screened for their ability to block JAK-2 activity; it was shown to inhibit the growth of leukemia cells both in vitro and in vivo (Meydan et al., 1996) . However, although AG490 has been tested in many studies since and has continued to show in vitro anticancer activity, it has not demonstrated any further in vivo anticancer effect in animal models. Thus, we synthesized compounds structurally related to AG490 in our search for more potent anticancer agents. Here, we report that one molecule, WP1066, had a very potent anticancer effect on malignant glioma cells. In vitro, it inhibited STAT3 activation and showed selective cytotoxicity toward malignant glioma U87-MG and U373-MG cells at much lower doses than AG490. Furthermore, WP1066 significantly inhibited the growth of subcutaneous tumors generated from U87-MG cells in mice. These results demonstrate that WP1066 holds promise as a selective anticancer agent for the treatment of malignant gliomas.
Results

WP1066 selectively inhibits viability of U87-MG and U373-MG cells
We synthesized WP1066 by modifying the structure of AG490 ( Figure 1a ) and tested whether it has more cytotoxic effect on U87-MG and U373-MG cells than AG490. First, to determine whether the STAT3 pathway was activated in the malignant glioma cells, we performed Western blotting to detect phosphorylated STAT3 at Tyr705 in U87-MG and U373-MG cells and compared the level of STAT3 phosphorylation in the cancer cells with that in immortalized normal human astrocytes (NHAs) (Figure 1b) . Phosphorylated STAT3 was strongly detected in both U87-MG and U373-MG cells but not in NHA cells, indicating that malignant glioma cells could be selectively killed by targeting the STAT3 pathway. Indeed, treatment with WP1066 up to 10 mM for 72 h did not inhibit the viability of NHAs, whereas the viability of U87-MG and U373-MG cells was inhibited by more than 90% in response to 10 mM WP1066 (Figure 1c) . The IC 50 value of WP1066 was 5.6 mM for U87-MG cells and 3.7 mM for U373-MG cells. In contrast, treatment with 10 mM AG490 inhibited viability of U87-MG and U373-MG cells by 10 and 5%, respectively; the IC 50 value of AG490 was more than 100 mM for U87-MG cells (>17 times more than that of Further, to determine specificity of WP1066, we examined whether it inhibits phosphorylation of other molecules in U87-MG and U373-MG cells. Because AG490 inhibited the JAK-2/STAT3 pathway (Meydan et al., 1996) and because some STATs share the same regulatory pathway, we examined WP1066's effect on the phosphorylation of JAK-2, STAT1, STAT5, and a key regulator of other signal transduction pathways extracellular-activated protein kinase 1/2 (ERK1/2) ( Figure 2e ). Western blot analysis showed that phosphorylated JAK-2 was inhibited to an undetectable level in both cell types at 48 h after treatment with10 mM WP1066. Phosphorylated STAT1 did not change much; phosphorylated STAT5 decreased only in U87-MG cells, but not in U373-MG cells after treatment with WP1066. In contrast, phosphorylated ERK1/2 increased in both cell types after treatment with WP1066. These results indicate that WP1066 inhibits the JAK-2/STAT3 pathway in U87-MG and U373-MG cells.
WP1066 induces apoptosis by downregulating antiapoptotic proteins and activating Bax
To determine whether treatment with WP1066 induces apoptosis selectively in malignant glioma cells, we performed flow cytometric analysis of their cell cycle profiles and transferase-mediated dUTP nick-end labeling (TUNEL) staining patterns using U87-MG, U373-MG and NHA cells. Cell cycle analysis showed that in U87-MG and U373-MG cells the sub-G1 population, which indicates the percentage of apoptotic cells, increased in a dose-dependent manner 72 h after treatment with WP1066 ( Figure 3a) . The percentage of TUNEL-stained cells also increased in a dose-dependent manner in U87-MG and U373-MG cells (Figure 3b ). In contrast, neither the sub-G1 population nor TUNELpositive cells increased in NHA cells after treatment with WP1066 (Figures 3a and b) . To confirm apoptosis, we examined cells for the presence and timing of poly(ADP-ribose)polymerase (PARP) cleavage after treatment with WP1066. PARP cleavage was evident from 24 h after WP1066 treatment in U87-MG cells and from 48 h after WP1066 treatment in U373-MG cells, but not in NHA cells (Figure 3c ).
Many studies have reported that STAT3 induces apoptosis by inhibiting the expression of antiapoptotic proteins or oncogenes in various cancer cell types (Bromberg et al., 1999; Kiuchi et al., 1999; EplingBurnette et al., 2001 ). We performed Western blotting for antiapoptotic proteins that are targets of STAT3 after treatment with WP1066. The expression of Mcl-1, Bcl-X L and c-Myc in both cell types decreased markedly 24-72 h after treatment with WP1066 in U87-MG and U373-MG cells (Figure 3c ). The expression of Bcl-2 in U87-MG cells had decreased by about 50% at 72 h, but it did not change in U373-MG cells. In NHA cells, the expression of none of these molecules changed before and during 72 h after treatment with WP1066. However, the occurrence of death in malignant glioma cells was observed earlier than the decrease of STAT3 target genes after WP1066 treatment. Therefore, the downregulation of these proteins is unlikely to be the direct cause of apoptotic cell death, although it may facilitate the execution of apoptosis.
Because a decrease in Bcl-X L expression makes a proapoptotic protein (Bax) translocate to the mitochondria, activates it and results in the induction of apoptosis (Riedl and Shi, 2004; Fesik, 2005) , we looked for active Bax in glioma cells as well as normal cells. We treated U87-MG, U373-MG and NHA cells with WP1066 and detected active Bax using flow cytometric analysis with an antiactive Bax antibody. The percentage of cells with active Bax was 4.7, 25.0 and 12.6% in U87-MG cells at 0, 5 and 24 h after treatment with 10 mM WP1066; it was 4.9, 34.9 and 12.6% in U373-MG cells (Figure 3d ). Thus, in these malignant glioma cells, the percentage of cells with active Bax maximized at 5 h after WP1066 treatment. In contrast, the percentage of cells with active Bax did not increase much in NHA cells; it stayed between 4.1 and 7.2% before and during 24 h after WP1066 treatment (Figure 3d ). These results collectively indicate that WP1066 activates Bax, induces apoptosis and downregulates several antiapoptotic proteins selectively in malignant glioma cells, but not in normal cells.
WP1066 inhibits tumor growth in the murine subcutaneous model of malignant glioma To determine whether WP1066 inhibits tumor growth in vivo, we inoculated U87-MG cells subcutaneously into nude mice and started intraperitoneal injections of WP1066 or DMSO (as control) every other day after tumors were established (which was designated day 1). After six injections, we stopped the treatment and recorded tumor size (days 11-29). We compared the slopes of the tumor growth curves for the WP1066-treated and control groups. The mean slope was 0.670.6 in the WP1066 group, and 2.770.9 in the control group (P ¼ 0.0009), with a mean difference of 2.1 and a 95% confidence interval of (0.6, 2.7) (Figure 4a ). When we examined the growth of individual tumors, we noticed that there were two different patterns in the group treated with WP1066: tumors that did not show regrowth until day 25 or later (designated WP1066-1) and tumors that began growing back earlier (designated WP1066-2) (Figure 4b ). To determine whether the STAT3 pathway and tumor growth continued to be suppressed until day 29 in the treatment group, we immunostained the tumor samples for phosphorylated STAT3 and proliferation marker Ki-67, respectively. Staining for phosphorylated STAT3 was found to be similarly inhibited in the WP1066-1 and -2 specimens compared with controls, whereas staining for Ki-67 was strikingly inhibited in only WP1066-1 samples (Figure 5a ). Quantitative analysis showed that the proportion of cells positive for phosphorylated STAT3 decreased significantly in both WP1066-1 and WP1066-2 tumors relative to control (Po0.01) but that the proportion of Ki-67-positive cells decreased significantly in only the WP1066-1 tumors (Po0.01), with the percentages of Ki-67-positive cells similar in the control and WP1066-2 groups (Figure 5b ). These results indicate that WP1066 inhibits the STAT3 pathway for an extended period after the final treatment, but that some tumors begin to grow again after treatment is suspended.
Discussion
In the present study, we found that WP1066 effectively inhibited the STAT3 pathway and selectively induced apoptosis in U87-MG and U373-MG cells. WP1066 successfully downregulated Bcl-X L , Mcl-1 and c-myc (which are targets of STAT3), activated Bax, and induced apoptosis. Furthermore, intraperitoneal injections of WP1066 significantly inhibited the growth of subcutaneous tumors generated from U87-MG cells. Our results thus suggest that WP1066 holds promise for the selective therapeutic induction of apoptosis in malignant glioma cells.
Recent studies have shown that STAT3 is constitutively activated in the vast majority of malignant glioma tissues and cell lines (Rahaman et al., 2002; Schaefer et al., 2002; Weissenberger et al., 2004) . However, there is controversy regarding which cell types in tumor tissues express activated STAT3: tumor cells or tumor endothelial cells. Schaefer et al. (2002) showed that activated STAT3 localized predominantly to the tumor endothelial cells, rather than to malignant glioma cells. In contrast, Rahaman et al. (2002) A new STAT3 inhibitor for malignant glioma cells A Iwamaru et al of World Health Organization grades II-IV (for definitions, see Kleihues et al., 2002) . They found that both tumor cells and endothelial cells in glioma tissues of all these grades contained activated STAT3 and that the level of activated STAT3 increased in tumors of higher grades (Weissenberger et al., 2004) . In concordance with the findings of Weissenberger et al. (2004) and Rahaman et al. (2002) , we showed that STAT3 was constitutively activated in U87-MG and U373-MG cells but not activated in NHA cells (Figure 1b) . Additionally, previous results showing that IL-6 (one of the upstream signals for STAT3) was expressed aberrantly in the vast majority of several malignant glioma tissues support the notion that STAT3 was activated in those tumors (Van Meir et al., 1990; Lichtor and Libermann, 1994) . Collectively, these results indicate that targeting STAT3 is a promising new therapeutic approach, with the potential to selectively kill malignant gliomas while sparing normal tissues.
Another advantage of targeting STAT3 is that the inhibition of this pathway affects multiple downstream molecules, thus enhancing the anticancer effects. For example, STAT3 plays an important role in oncogenesis by upregulating the transcription of several genes that control tumor cell survival, resistance to apoptosis, cell cycle progression and angiogenesis. Target genes of STAT3 include Bcl-2 (Bhattacharya et al., 2005) , Bcl-X L (Bromberg et al., 1999) , c-myc (Kiuchi et al., 1999) and Mcl-1 (Epling-Burnette et al., 2001), and genes encoding cyclin D1 (Bromberg et al., 1999) , vascular endothelial growth factor (Niu et al., 2002) and human telomerase reverse transcriptase (Konnikova et al., 2005) . It was previously shown in many cancer cell types that when the STAT3 pathway was blocked by AG490, the expression of the STAT3 target genes was downregulated and apoptosis was induced (Meydan et al., 1996; EplingBurnette et al., 2001; Rahaman et al., 2002) . In line with these findings, we showed in the present study that WP1066 effectively downregulated antiapoptotic proteins (e.g., Bcl-X L , Mcl-1 and c-Myc) and efficiently induced apoptosis in both U87-MG and U373-MG cells. We have also demonstrated that WP1066 is a much more potent inhibitor of growth in these malignant glioma cells than AG490 (Figure 1c and d) .
Increasing interest in the therapeutic potential of STAT3 inhibitors has culminated in the development of several new molecules in this class. For example, a new 
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A Iwamaru et al compound STA-21, a cucurbitacin analog cucurbitacin Q, a new platinum compound CPA-7 and an integrinlinked kinase inhibitor QLT0254 have been reported to inhibit STAT3 and cancer growth in vitro or both in vitro and in vivo (Turkson et al., 2004; Song et al., 2005; Sun et al., 2005; Yau et al., 2005) . In line with these studies, we showed that WP1066 significantly inhibited the growth of malignant glioma cells not only in cultured cells, but also in an animal model (Figure 4a ). Although we used a subcutaneous tumor model of U87-MG cells in this study, we have obtained evidence that WP1066 was detected at least 10 times more concentrated in the brain than in the plasma after intraperitoneal treatment (40 mg/kg WP1066, every other day, three times; unpublished data). This finding suggests that WP1066 can penetrate the brain-blood barrier. The therapeutic efficacy of WP1066 for brain tumors should be validated using an intracranial tumor model. Pathological assessment of the present study showed that WP1066 suppressed both phosphorylated STAT3 and Ki-67 in the majority of tumors for an extended period after the final injections. Interestingly, in some of the tumors treated with WP1066, Ki-67 was expressed whereas phosphorylated STAT3 was still inhibited (Figure 5a and b) . One possible explanation to these results is that U87-MG, despite of being an established cell line, may contain subpopulations with different growth mechanisms. A majority of the total population may depend on STAT3 for their growth and survival, a minor subpopulation may not. Thus, this minor subpopulation may have survived treatment with WP1066 and resumed growing without expressing phosphorylated STAT3, possibly depending on other factors for survival and growth. A recent study has demonstrated some evidence to support this theory (Minn et al., 2005) . It showed that a breast cancer cell line MDA-MB-231 contained subpopulations with distinct gene expression signatures, resulting in different metastatic behaviors: some had tropism for lung metastasis and others for bone metastasis. To establish our theory, our results should be confirmed in studies using a larger number of animals, and the mechanisms behind our findings also should be explored. Collectively, however, evidence indicates that STAT3 inhibitors are potentially powerful therapeutic agents for various cancers, including (as we have shown here) malignant gliomas. 
Materials and methods
Cell lines
Human malignant glioma U87-MG and U373-MG cells were purchased from American Type Culture Collection (Manassas, VA, USA). NHA cells, immortalized by stable expression of human telomerase reverse transcriptase, were a generous gift from Dr Kenneth Aldape (Department of Pathology, MD Anderson Cancer Center, Houston, TX, USA) (Sonoda et al., 2001) . Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA), 4 mM glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin at 371C in 5% CO 2 -95% air.
Reagents WP1066 (molecular weight ¼ 356.22) and AG490 were dissolved in dimethyl sulfoxide (DMSO) (Sigma Chemical Co., St Louis, MO, USA). A stock solution was made at a concentration of 50 mM in DMSO and stored at À201C.
Cell viability assay
The cytotoxic effect of WP1066 or AG490 was determined using the Cell Proliferation Reagent WST-1 assay (Roche Applied Science, Indianapolis, IN, USA) as described previously (Kanzawa et al., 2006) . Cells (7 Â 10 3 cells/well, 100 ml) were seeded in 96-well flat-bottomed plates and incubated overnight at 371C and in 5% CO 2 -95% air. After exposure to WP1066 or AG490 (at concentrations between 0 and 100 mM) for 72 h, the cells were incubated with 10% WST-1 cell culture medium for 1 h, and the absorbance of the samples against a background control was then measured using a microplate reader. The viability of nontreated cells was regarded as 100%.
Flow cytometry
For cell cycle analysis, cells fixed with ice-cold 70% ethanol were stained with propidium iodide and reagents from the Cellular DNA Flow Cytometric Analysis Kit (Boehringer Mannheim, Indianapolis, IN, USA); they were then analysed for DNA content using a FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA) as described previously (Kanzawa et al., 2006) . The percentages of cells in the sub-G1, G1, S and G2/M populations were determined by CellQuest software (Becton Dickinson).
For detection of active Bax, cells were fixed with 4% paraformaldehyde, permeabilized with ice-cold 90% methanol and stained with antiactive Bax antibody (clone 6A7; Becton Dickinson) (Wang et al., 2003) for flow cytometry.
Analysis of apoptosis
To detect and quantify apoptotic cells, TUNEL staining and subsequent flow cytometric analysis were performed. After exposure to WP1066, cells were trypsinized and washed in cold phosphate-buffered saline (PBS), fixed in 70% ethanol and then stored at À201C for more than 2 h. To detect nuclei with fragmented DNA, which is characteristic of apoptosis, we performed a TUNEL assay using the ApopTag Plus Fluorescein In Situ Apoptosis Detection Kit (Chemicon International, Temecula, CA, USA) according to the manufacturer's instructions. Cells were analysed by flow cytometry using the FACScan cytometer as described previously (Kanzawa et al., 2006) .
Immunocytochemical and immunohistochemical staining
To determine the distribution of STAT3 in cell nuclei, cells treated with 10 mM WP1066 for 24 h were fixed in 4% paraformaldehyde, blocked with 10% normal goat serum and stained with anti-STAT3 antibody (Cell Signaling Technology, Beverly, MA, USA). Nuclei were counterstained with 0.5 mg/ml Hoechst 33258 (Sigma) for 15 min.
To analyse the molecular profiles of subcutaneous tumors that had and had not been treated with WP1066, tumor samples were stained with antiphospho-STAT3 (Tyr 705) antibody (Cell Signaling Technology) and anti-Ki-67 antibody (Abcam, Cambridge, MA, USA), followed by counterstaining with methyl green (Sigma). For diaminobenzidine tetrahydrochloride (DAB) staining, samples were visualized using an avidin-biotinylated horseradish peroxidase procedure (Vector Laboratories, Burlingame, CA, USA) followed by a standard DAB reaction.
Western blotting Soluble proteins were harvested from cells using extraction buffer as described previously . Equal amounts of protein (40 mg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Bio-Rad, Richmond, CA, USA) and transferred to a Hybond-P membrane (Amersham Co., Piscataway, NJ, USA). The membranes were treated with anti-STAT3, antiphospho-STAT3, antiphospho-JAK-2, antiphospho-STAT1, antiphospho-STAT5, antiphospho-ERK1/2 and anti-PARP antibodies (Cell Signaling), antiMcl-1, anti-Bcl-X L , anti-Bcl-2 and anti-c-Myc antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and antib-actin antibody (Sigma); they were then subjected to Western blotting using an ECL (enhanced chemiluminescence) or ECLplus reagent (Amersham).
In vivo experiments
All animal studies were performed in the veterinary facilities of MD Anderson Cancer Center in accordance with institutional, state, federal, and international regulations and ethical guidelines for experimental animal care. U87-MG cells (1.0 Â 10 6 cells in 20 ml of serum-free DMEM) were inoculated subcutaneously into the right flank of 5-to 10-week-old female nude mice (six per treatment group). Tumor growth was measured daily with calipers. Tumor volume was calculated as (L Â W 2 )/2, where L is the length in millimeters and W is the width in millimeters, as described previously (Ito et al., 2005) . When the tumors reached a mean volume of 50 mm 3 , a 100 mlintraperitoneal injection of WP1066 (40 mg/kg in DMSO and polyethylene glycol) or DMSO alone was administered every other day until six doses had been given. Mice were euthanized by exposure to CO 2 when the tumor's longest diameter exceeded 15 mm. The tumors were then removed and frozen rapidly, and 10-mm-thick tumor cryosections were cut for immunohistochemical assay with anti-STAT3 (1:500) and antiKi-67 (1:200) antibodies as described above.
Statistical analysis
The data were calculated as means7standard deviations (s.d.). Statistical analysis was performed using Student's t-test (twotailed). The slopes of the subcutaneous tumors' growth curves were calculated as means and 95% confidence intervals. Statistical significance was defined as Po0.05.
In animal studies, tumor volume growth curves were curvilinear when plotted against time, but were nearly linear when plotted against the square of time. Thus, for statistical analysis we fit linear growth curves against the square of time. For each mouse, we computed the slope of the growth curve and then computed the mean slopes for control and treated animals. The slopes and their means have units of days squared. We performed a t-test on these means to assess differences in growth rates. We confirmed these results with a hierarchical linear model that appropriately handles the potential correlation with volume measurements in the same mouse over time. This approach essentially performs a t-test on the differences in slopes but with a better estimate of the variance of the mean difference.
